The Herpevac Trial evaluated a herpes simplex virus type 2 (HSV-2) glycoprotein D (gD2) subunit vaccine to prevent genital herpes. Unexpectedly, the vaccine protected against genital HSV-1 infection but not genital HSV-2 infection. We evaluated sera from 30 women seronegative for HSV-1 and HSV-2 who were immunized with gD2 in the Herpevac Trial. Neutralizing antibody titers to HSV-1 were 3.5-fold higher than those to HSV-2 (P < .001). HSV-2 gC2 and gE2 on the virus blocked neutralization by gD2 antibody, while HSV-1 gC1 and gE1 did not block neutralization by gD2 antibody. The higher neutralizing antibody titers to HSV-1 offer an explanation for the Herpevac results, and shielding neutralizing domains provides a potential mechanism.
Two publications reporting use of a herpes simplex virus type 2 (HSV-2) glycoprotein D2 (gD2) subunit vaccine adjuvanted with monophosphoryl lipid A (MPL) and aluminum hydroxide (alum) demonstrated mixed efficacy against HSV genital disease [1, 2] . The first report enrolled couples discordant for genital HSV-2 infection. In a subset analysis, the gD2 vaccine provided approximately 70% protection against HSV-2 genital disease in women seronegative for both HSV-1 and HSV-2 but not in women seropositive for HSV-1 or in men of any serostatus [2] . The results were sufficiently compelling to initiate the Herpevac Trial for Women, which enrolled >8000 women seronegative for both HSV-1 and HSV-2 [1] . The Herpevac Trial subjects were not restricted to discordant couples. Unexpectedly, the gD2 vaccine provided significant protection against HSV-1 but not HSV-2 genital infection and disease [1] . Sixty percent of genital disease in control subjects was caused by HSV-1, which has emerged as the leading cause of primary genital disease [1, 3] . Few HSV-1 infections were detected in the first report, owing to selection of HSV-2-discordant couples.
HSV-2 gD2 is required for virus entry into cells [4] . In choosing gD2 as an immunogen, a goal is to induce potent neutralizing antibodies to block entry. Enzyme-linked immunosorbent assay (ELISA) antibody titers but not cellular immune responses to gD2 were highly correlated with protection in the Herpevac Trial [5] . A possible explanation for protection against HSV-1 but not HSV-2 may relate to the relative ease of blocking entry, as measured by neutralization of the 2 viruses. Therefore, we evaluated the hypothesis that neutralizing antibody titers were higher to HSV-1 than to HSV-2 in the Herpevac Trial.
METHODS

Antibody Assays
We measured neutralizing antibodies by 2 methods. One approach evaluated the 50% end point neutralizing titer by incubating serial 2-fold dilutions of heat-inactivated serum with 100 plaque-forming units (PFU) of virus for 1 hour at 37°C, inoculating the virus-antibody mix onto Vero cells, overlaying with methylcellulose, and counting plaques at 72 hours [6] . The second assay measured the log 10 titer reduction by using 10 6 PFU of virus mixed with a 1:40 dilution of heat-inactivated serum for 1 hour at 37°C and measuring plaques at 72 hours [7] . The log 10 neutralization was calculated as the difference in titer, using serum from immunized individuals and nonimmune human serum as a control. ELISA was performed at a 1:500 serum dilution, using baculovirus-expressed gD1 (bac-gD1[306t]) or gD2 (bac-gD2[306t]) as antigen [6, 8] .
Sera
Subjects were immunized at 0, 1, and 6 months [1, 2] . Paired sera were obtained before the first immunization and at month 7 from 35 Herpevac Trials subjects; 30 had received 20 µg of gD2 with MPL/alum, whereas 5 received hepatitis A vaccine as a control [1] . An additional 13 sera were obtained at month 7 from subjects seronegative for both HSV-1 and HSV-2 who were enrolled in GSK gD2 vaccine trials between 1995 and 1997. Ten had received gD2 with MPL/alum vaccine, and 3 were MPL/alum controls. These sera were stored at −80°C. Seven of 13 sera were from subjects enrolled at the University of Pennsylvania in HSV-007 (3 controls and 4 subjects immunized with 20 µg gD2 with MPL/alum) [2] . Five of 13 sera were from subjects enrolled in a dose-ranging study that used 20, 40, or 80 µg of gD2 with MPL/alum (HSV-014), and 1 subject was immunized with 20 µg gD2 with MPL/alum to evaluate diluent volumes (HSV-015).
Virus Strains
Four low-passage HSV-1 and 3 low-passage HSV-2 clinical isolates were used for neutralization assays. The gC and gE deletion strains were derived from low-passage HSV-1 and HSV-2 wildtype (WT) viruses NS and 2.12, respectively [9] [10] [11] . The University of Pennsylvania Institutional Review Board approved this study.
Statistics
Methods for calculating statistical significance are described in the legends of Figures 1 and 2.
RESULTS
Sera from subjects enrolled in the Herpevac Trial were selected by biostatisticians to include 10 each with high, intermediate, Figure 1 . A, Fifty percent end point neutralizing antibody titers of herpes simplex virus type 1 (HSV-1) and HSV-2 Herpevac Trial sera obtained at months 0 and 7 from hepatitis A (HepA; n = 5) and glycoprotein D2 (gD2; n = 30) immunized subjects. B, Neutralization at each serum dilution of gD2-immunized subjects (n = 30). The dotted line represents 50% neutralization. The solid lines represent the mean percentage neutralization at each dilution. The curves were compared by 2-way analysis of variance and the Bonferroni test for repeated measures. The values at each point are significantly different, except for 1:640. C, Correlation of gD2 enzyme-linked immunosorbent assay (ELISA) titers with HSV-1 (P < .001) or HSV-2 (P < .001) neutralizing antibody titers of subjects immunized with gD2 (n = 30). P values were calculated using the Pearson correlation for nonparametric data and a 2-tailed analysis. D, Fifty percent end point neutralizing antibody titers to HSV-1 or HSV-2 by sera obtained between 1995 and 1997 at month 7 from placebo recipient (n = 3) or gD2-immunized subjects (n = 10; 4 from HSV-007 and 6 from HSV-014 and 015). E, The same 6 HSV-014 and 015 sera were tested against 3 low-passage HSV-1 strains and 2 low-passage HSV-2 strains (each strain represented by a different color). Note that the y-axis scale differs in panel E. P values for panels A and D were calculated by 1-way analysis of variance, using the Dunn multiple comparisons test, whereas the P value in panel E was calculated by the Mann-Whitney test. In panels A, D, and E, data are geometric mean titers with 95% confidence intervals.
and low gD2 ELISA titers to reflect the distribution of ELISA responses in the entire study population [1] . Selected subjects were not infected with HSV before month 7. The geometric mean 50% end point neutralization titer of sera taken at month 7 was 1:101 for HSV-1, compared with 1:29 for HSV-2 (3.5-fold difference; Figure 1A ). The mean percentage neutralization at each serum dilution was higher against HSV-1 than against HSV-2 ( Figure 1B) . A significant correlation was detected between gD2 ELISA titers ( provided by the Herpevac investigators) and neutralizing antibody titers to HSV-1 and HSV-2 for the 30 subjects immunized with gD2 ( Figure 1C ) [5] . We evaluated neutralizing antibody titers of 13 additional sera from subjects enrolled in GSK gD2 vaccine trials between 1995 and 1997, including 3 sera from placebo-immunized subjects and 10 from subjects immunized with gD2 with MPL/ alum. The geometric mean neutralizing antibody titer was 1:422 against HSV-1 and 1:97 against HSV-2 (4.4-fold difference; Figure 1D ). Six of the 10 sera (those from HSV-014 and 015) were tested for neutralizing antibody titers against 3 additional low-passage HSV-1 strains and 2 additional lowpassage HSV-2 strains. The geometric mean neutralizing antibody titer was 1:242 against HSV-1 and 1:106 against HSV-2 (2.3-fold difference; Figure 1E ). As a potential explanation for the greater neutralization of HSV-1 than HSV-2, we hypothesized that HSV-2 gC2 and gE2 may shield neutralizing domains on HSV-2 gD2 more effectively than gC1 and gE1 shield domains on HSV-1 gD1. This hypothesis is based on our prior studies demonstrating that gC1 and gE1 block access of neutralizing antibodies to HSV-1 glycoproteins involved in virus entry [12] . We compared neutralization of WT HSV-1 and HSV-2 with gC or gE mutant strains derived from the WT viruses. Six sera from gD2-immunized subjects (from HSV-014 and 015; Figure 1E ) were evaluated. Neutralization was significantly greater against WT HSV-1 Figure 2 . A, Log 10 neutralization of wild-type (WT), gCnull, and gEnull mutant viruses by sera from gD2 HSV-014 and 015 vaccinees (n = 6). Error bars represent standard errors of the mean. B, Enzyme-linked immunosorbent assay (ELISA) titers at a 1:500 dilution of vaccine sera (n = 6). The dotted line shows the ELISA value of serum specimens seronegative for both herpes simplex virus type 1 (HSV-1) and HSV-2. Results represent geometric mean titers with 95% confidence intervals. P values in panels A and B were calculated by 1-way analysis of variance with Tukey posttest analysis for pair-wise comparison. C, HSV-1 glycoprotein C1 (gC1) and gE1 fail to block antibody access to gD1. D, HSV-2 gC2 and gE2 shield antibody access to gD2. Abbreviation: NS, not significant.
(2.2 log 10 ) than against WT HSV-2 (1.0 log 10 ; Figure 2A ), confirming results using the 50% end point neutralizing titer (Figure 1) . The gD2 vaccine sera reduced the titer of HSV-1 gCnull (NS-gCnull) virus by 2.2 log 10 and HSV-1 gEnull (NS-gEnull) virus by 1.8 log 10 , which are not statistically different from findings for WT HSV-1 strain NS, indicating that gC1 and gE1 do not block neutralization by gD2 antibodies (Figure 2A) . Strikingly, gC2 and gE2 had a significantly greater effect on blocking HSV-2 strain 2.12 neutralization, since the gD2 vaccine sera reduced the titer of HSV-2 gCnull (2.12-gC2null) virus by 3.3 log 10 and HSV-2 gEnull (gE2-del) virus by 4.4 log 10 ( Figure 2A) . Importantly, ELISA revealed that antibody produced by immunization with the gD2 vaccine reacted equally well to soluble, purified gD1 and gD2 proteins ( Figure 2B ), suggesting that antibody bound comparably to both glycoproteins.
DISCUSSION
The gD2 amino acid sequence included in the vaccine has 84% identity with gD1 [5] ; therefore, cross-protection against HSV-1 is not surprising. However, it is surprising that neutralizing titers were significantly higher to HSV-1 than to HSV-2. The impressive difference in neutralizing antibody titers provides a plausible explanation for the protection against HSV-1 infection and disease reported in the Herpevac Trial. The low HSV-2 mean neutralizing titer of 1:29 at month 7 may explain the lack of protection observed against HSV-2.
The neutralizing titers of Herpevac Trial sera cannot be compared with sera from the 1995-1997 studies since Herpevac samples, not the 1995-1997 samples, were intentionally selected to include subjects with high, medium, and low ELISA titers. In addition, higher antigen doses were used in some of the 1995-1997 studies. Nevertheless, the sera can be compared for neutralizing titers to HSV-1 and HSV-2, since the same serum sample was tested against both viruses. Neutralizing titers were significantly higher to HSV-1 than to HSV-2 in sera from subjects immunized with the gD2 vaccine prepared years earlier than the Herpevac trial, which suggests that variations in vaccine lots cannot explain the higher HSV-1 titers. Higher neutralizing titers to HSV-1 than to HSV-2 were noted using a total of 4 HSV-1 and 3 HSV-2 low-passage isolates, which supports the generalizability of the observation.
We previously reported that HSV-1 gC1 and gE1 did not block neutralization by gD antibodies; however, gC1 and gE1 blocked neutralization when gD antibodies were combined with neutralizing antibodies to other glycoproteins involved in entry, including gB and gH/gL. We interpreted these results as indicating that gC1 and gE1 block domains of interaction between gD1 and other entry molecules [12] . Here we hypothesized that gC2 and gE2 shield gD2 from neutralizing antibodies, as a mechanism to explain the neutralizing antibody results. The ratio of gC1 to gD1 molecules on HSV-1 strain NS is 1:14, which may help explain the lack of blocking by gC1 [13] . Similar evaluations have not been performed with HSV-2; therefore, comparing the stoichiometry of glycoproteins on HSV-1 and HSV-2 is not yet possible.
Glycosylation of envelope proteins prevents antibody access to neutralizing domains on HIV-1 gp120 and influenza hemagglutinin [14] . Our results suggest that neighboring glycoproteins also may block antibody access. A hypothetical model depicting differences between gC and gE of HSV-1 and HSV-2 in blocking antibody access is shown in Figure 2C and 2D. Other potential mechanisms to explain greater neutralization of HSV-1 than HSV-2 include the possibility that epitopes recognized by antibody on gD1 may be more essential for virus entry than analogous epitopes on gD2 or that fewer gD molecules are expressed on HSV-1, making it easier to neutralize.
In the Herpevac Trial, ELISA titers correlated with protection against HSV-1, while CD4 + or CD8 + T-cell responses did not [1, 5] . We demonstrated here that ELISA titers correlated with neutralizing antibody titers; however, it is possible that other antibody responses are also important, including antibodydependent cellular cytotoxicity and mucosal antibodies. T-cell responses that were not measured in the trial may also be important for protection.
Our results suggest that a vaccine containing gD2 antigen will likely induce higher neutralizing antibody titers to HSV-1 than to HSV-2, which is encouraging in terms of potential benefits of a vaccine that includes gD2. However, approaches are required to improve the neutralizing titers to HSV-2. One possibility is to induce antibodies to gD2 domains that are not shielded, while other possibilities include using higher concentrations of antigen, using more-potent adjuvants, or preventing antibody and complement immune evasion by the virus to enhance the efficacy of the antibodies produced [6] .
Notes
